Introduction
Endocytosis has emerged as a key regulatory mechanism that helps to modulate regulation of multiple signalling pathways. Activated receptors are internalized in endocytic vesicles to limit their availability and to control the magnitude of the signal. Recent studies show that endocytosis not only functions in signal attenuation, but can also have an important function in promoting signals from multiple pathways (Artavanis-Tsakonas et al, 1999; Bray, 2006; Fischer et al, 2006) .
During Notch signalling, endocytosis is required in both the ligand and the receptor-expressing cell. In the signalling cell, E3 ubiquitin ligases, such as Neuralized and Mindbomb, regulate the monoubiquitnation of the ligand Delta (Dl), an essential step in its endocytosis and in its ability to signal adjacent cells (Lai et al, 2005; Wang and Struhl, 2005; Le Borgne et al, 2005b) . The Clathrin-dependent trans-endocytosis of the ligand is dependent on the adaptor protein Epsin and Auxillin (Overstreet et al, 2004; Wang and Struhl, 2004; Hagedorn et al, 2006) and facilitates the co-transfer of N extra to the signalling cell removing a block in subsequent processing of the Notch protein in the receiving cell (Parks et al, 2000) . In the signal-receiving cell, the function of endocytosis in the activation of the Notch receptor is context dependent and several E3 ubiqutin ligases actively promote Notch signalling (Wilkin et al, 2004; Le Borgne et al, 2005a) .
Endocytosis is also essential for active Wingless (Wg) signalling (Seto and Bellen, 2006) . In Drosophila S2 cells, blocking Clathrin-dependent endocytosis causes accumulation of b-catenin and consequent loss in the transcriptional activation of a Wg target reporter (Blitzer and Nusse, 2006) . Likewise, in the developing wing imaginal disc, blocking HRS-mediated transport of Wg to the late endosomes also results in an upregulation of Wg target gene expression (Seto and Bellen, 2006) . Increased Wg signalling seen in these genetic backgrounds correlates with an increase in the extent of co-localization of Wg, its receptors, Arrow and Frizzled (Frz) , and the adaptor protein Dishevelled (Dsh) (Blitzer and Nusse, 2006; Seto and Bellen, 2006) .
The processed and activated forms of Notch and Wg pathway components in early endocytic vesicles are extremely transient and are either recycled back to the membrane or targeted to lysosomes for degradation. Earlier studies have uncovered the importance of this novel subcellular compartment using mutations that cause a general block in all endosomal trafficking (Moberg et al, 2005; Thompson et al, 2005; Vaccari and Bilder, 2005) . Consequently, the components identified in such studies are globally required for endocytic regulation of many protein components and are not specific to these signalling pathways.
Mutations in phyllopod (phyl) were identified as dominant suppressors of the gain of function of sev-Ras V12 in the Drosophila eye. Loss of phyl function causes a loss of R1, R6 and R7 cell types and overrepresentation of non-neuronal cone cells (Chang et al, 1995; Dickson et al, 1995) . Phyl expression in the developing eye discs is dynamic and is seen at high levels at the furrow and in the R1, R6 and R7 cell types. This expression of phyl in the developing eye disc is dependent on receptor tyrosine kinase (RTK) signalling (Chang et al, 1995; Dickson et al, 1995) . Phyl has been proposed to function as an adaptor protein by binding the E3 ubiquitin ligase, Sina and in promoting the degradation of the transcriptional repressor, Tramtrack (Kauffmann et al, 1996; Li et al, 1997; Tang et al, 1997) . phyl is also required for the proper specification of cell types within the PNS and is required at two stages in the external sense organ (es) development. At the early stage, phyl is required for the specification of the sensory organ precursor (SOP). Loss of phyl at this stage results in loss of bristles in the adult. At a later stage, during es organ development, loss of phyl function causes the first cell division of the SOP lineage to generate two identical daughter cells resulting in transformation of cell fate (Pi et al, 2001) .
In this article, we describe the specific function of Phyl in the regulation of Notch and Wg signalling in the endocytic vesicles. Loss of Phyl increases the amount of Notch, Delta (Dl) and Wg that are localized to endocytic vesicles and increases Notch and Wg signalling levels. Furthermore, as Phyl is a transcriptional target of the EGFR signal transduction cascade (Chang et al, 1995; Dickson et al, 1995) , our results suggest a mechanism for the coordinated downregulation of Notch and Wg pathways by RTK signalling in the wild-type fly through the transcriptional control of Phyl.
Earlier studies had proposed that all Phyllopod function can be explained by its activity as a negative regulator of a transcriptional repressor, Tramtrack (Li et al, 1997; Tang et al, 1997) . The detailed phenotypic analysis presented here does not support this mechanism.
Results and discussion
In the Drosophila third instar eye imaginal disc, an indentation called the morphogenetic furrow (MF) develops at the posterior end and sweeps across the disc in an anteriorly direction. Cell fate specification begins as the cells emerge out of the MF with the photoreceptor (R) cells differentiating first followed by the non-neuronal cone and pigment cells (Wolff and Ready, 1991) . R cells express the Notch ligand Dl as they exit out of the MF. As the MF moves anteriorly and the clusters mature, Dl expression is downregulated by column 8 posterior to the furrow ( Figure 1A-D) . As each successive column is 2 h apart in the developmental timing, the dynamic range of this Dl expression lasts only about 16 h. Clones of cells mutated for phyl express elevated amounts of Dl in comparison to wild type ( Figure 1E -G), and Dl protein in phyl mutant clones is not downregulated eight columns behind the furrow as in wild type, but continues to be expressed until the posterior end of the eye disc ( Figure 1F and G). Unlike the Dl protein, the expression of the Dl-lacZ enhancer trap, in which lacZ expression is a read-out for Delta transcription is not altered in the phyl mutant tissue ( Figure 1H -J), suggesting that the normal function of Phyl is in the post-transcriptional downregulation of Dl. The function of Phyl is not restricted to the signalling cell, as the Notch receptor is also elevated in cells behind the furrow in phyl mutant tissue ( Figure 1K-M) . This upregulation phenotype can also be seen in wing imaginal discs and in mid-pupal eye discs (Supplementary Figure S1) .
To test if Phyl functions in the downregulation of other signalling pathways, we monitored the expression of downstream effectors of Hedgehog (Ci), Dpp (pMAD) and EGFR (pMAPK) in phyl mutant tissue and found that they remain normal (Supplementary Figure S2A-I ). In addition, the localization of receptors, such as EGFR and PDGF/VEGF (PVR), which undergo endocytosis upon activation and are targeted to degradation (Jekely and Rorth, 2003) , also remain unaltered in phyl mutant tissue (Supplementary Figure S2J-O) . In contrast to the above-mentioned signalling pathways, we found that Wg signalling is upregulated in phyl mutant tissue. phyl mutant clones in the third instar eye discs show an increased level of Wg protein in the mutant cells that normally express Wg ( Figure 1N-P) . Therefore, among the many pathways tested, Phyl is specific for Notch and Wg signalling. phyl mutant clones in the third instar wing and antennal disc also show an increase in the level of Wg in mutant clones (Supplementary Figure S3) .
Activation of Notch is associated with the transendocytosis of the extracellular domain of the Notch receptor (N ex ) in the signalling cell (Parks et al, 2000) . This is followed by a series of proteolytic steps in the receiving cell generating N intra , which migrates to the nucleus and promotes a transcriptional response (Bray, 2006) . In principle, the higher level of Notch seen in phyl mutant tissue could result either from a block in the turnover of Notch before signalling or from a block in the degradation of the processed version of Notch following active signalling. To distinguish between these alternatives, we monitored the localization status of Dl and the processed versions of Notch in phyl mutant tissue. In the pupal eye disc, Dl is expressed in cone cells and is required for the differentiation of the adjacent pigment cells (Parks et al, 2000; Nagaraj and Banerjee, 2007) and this provides a nice experimental system in which we can distinguish the signalling cell from the one receiving the signal. In phyl mutant clones in the pupal eye disc, Dl co-localizes with N ex in the cone cells ( (Lai et al, 2005) . The double-mutant combination of phyl, mib also shows significant rescue in the specification of Bar-expressing R1 and R6 cell types ( Figure 2O -P 0 ). Thus, the accumulation of N intra in phyl mutant cells follows a round of signalling by an active ligand.
Similar conclusion regarding Phyl function could be drawn for the Wg pathway. Upon binding of Wg to its receptor Frz, the receptor ligand complex is endocytosed and recruits Dsh to its cytoplasmic side. According to the 'signalling endosome hypothesis' (Blitzer and Nusse, 2006; Seto and Bellen, 2006) , endocytosis followed by the recruitment of cytoplasmic components of the pathway on to the endosome complex is critical for high levels of Wg signalling. As shown in Figure  2Q -X, we observe a significant cell autonomous co-localization of Wg with both Frz and Dsh in phyl mutant tissue, suggesting a block in the degradation of active signalling complex during Wg signalling. To test if this results in increased levels of Wg signalling, we generated phyl mutant clones in the wing and monitored the expression of Senseless, a target of Wg signalling (Nolo et al, 2000; Seto and Bellen, 2006) . In third instar wild-type wing disc, Sens is expressed in cells that straddle the D/V boundary ( Figure 2Y ). In large phyl mutant clones, we observe an expansion of Sens expression domain compared with adjacent wild-type tissue ( Figure 2Z -Z 00 ). Although wild-type Dl, Notch and Wg are membrane bound (Parks et al, 1995) , the accumulation of Dl ( Figure 3A ), Notch ( Figure 3D ) and Wg ( Figure 3G ) in phyl mutant clones is in punctate vesicles. Co-localization studies show that these vesicles are positive for the early endosomal marker, HRS ( Figure 3A-I Vaccari and Bilder, 2005) , which mark the early endosomes, but not with Hook (Kramer and Phistry, 1996) , which marks the late endosomes, suggesting that loss of phyl function results in a block in the trafficking of N intra at the early endosome stages (Supplementary Figure S4A-I) . This endosomal N intra is extensively ubiquitinated and stains for Lysotracker Red, suggesting acidic conditions within the endosomes (Supplementary Figure S4J-O) . The mere overexpression of Phyl in the eye disc does not cause membraneassociated Dl to get degraded ( Figure 3J-L) . Thus phyl function is required to remove signalling components from the HRS-positive endocytic vesicles after a round of signalling but not directly from the plasma membrane before signalling. To further test this hypothesis, we performed a trafficking assay (Le Borgne et al, 2005b ) in which we labelled surface Dl or Wg in unfixed tissue. After allowing for the uptake of the antibody-bound Dl or Wg into endocytic vesicles, the discs were fixed and stained with secondary antibody at different time points. Following a 3 h chase, wild-type cells lose all Dl and Wg staining intracellularly due to lysosome-mediated degradation (Le Borgne et al, 2005b) ; however, accumulation of Dl or Wg in endocytic vesicles persists in adjacent phylmutant cells ( Figure 3M-R) . This establishes that cells mutant for phyl are competent for internalizing Dl and Wg but are restricted in subsequent trafficking steps causing an accumulation of Dl and Wg in the HRS-positive endosomes. To determine if Dl trapped in endocytic vesicles is recycled back to the membrane for additional rounds of signalling, we co-stained Dl with Rab11, which marks the recycling endosomes (Satoh et al, 2005) . We found no co-localization of endocytic Dl with Rab11 (Supplementary Figure S4P-R) . Finally to test if Dl and Wg localize to the same endocytic vesicles or belong to distinct non-overlapping groups of endocytic vesicles, phyl mutant clones in the eye were costained with Dl and Wg antibodies. Significant co-localization of Wg-and Dl-positive vesicles suggested a mechnism in a Phyl-dependent endocytic pathway that co-regulates Notch and Wg signalling levels (Supplementary Figure 3S-U) .
Previous studies have suggested a function of Phyl in binding Sina and a function of this complex in the regulation of the transcriptional repressor, Tramtrack (Kauffmann et al, 1996; Li et al, 1997; Tang et al, 1997) . Several lines of evidence suggest that the results on Phyl presented here do not directly involve this mechanism. First, in contrast to the function of Tramtrack in transcriptional regulation, the increased level of Dl and N intra in phyl mutant cells occurs by a post-transcriptional mechanism ( Figure 1H-J Figure S5J-O) . Most definitively, in double-mutant clones of phyl and ttk, the accumulation of N intra is similar to that seen in adjacent phyl mutant tissue (Supplementary Figure S5P-S) . Finally, Wg expression remains unaltered in GMR-phyl third instar eye disc (not shown) and in sina mutant clones (Supplementary Figure S5T-V) . We conclude that the function of phyl in the regulation of Notch and Wg signalling is brought about by a mechanism that is independent of Sina and Tramtrack.
The phenotypic consequences of the loss of Phyl function in the developing eye is the loss of R1, R6 and R7, overspecification of the non-neuronal cone and pigment cells and a loss in the specification of bristle complex (Chang et al, 1995; Dickson et al, 1995) , and as elaborated earlier ( Figure  1E -G), loss of phyl function results in an increase in the level of Notch signalling. To determine if the cellular phenotypes of phyl mutants can be phenocopied upon overexpression of Dl in the same cells that normally express it, we used elav-Gal4, UAS-Dl combination in which Dl is expressed in the same cells as in wild type but does not undergo downregulation at column 8 (Supplementary Figure S6) . elav-Gal4, UAS-Dl third instar eye discs show a loss in the specification of R1, R6 and R7 and an over-specification of non-neuronal cone and pigment cell types ( Figure 4A-F 0 ) identical to that seen in phyl mutants (Chang et al, 1995; Dickson et al, 1995) . We conclude that the phenotypes of phyl loss of function are due to increased accumulation of Delta and Notch and the consequent increase in Notch signalling.
Previous studies have shown that the transcriptional activation of phyl in the eye disc is directly controlled by the EGFR pathway (Chang et al, 1995; Dickson et al, 1995) . phyl expression in R cells initiates at the furrow and peaks by column 8, closely following the profile of Dl expression. Combining this earlier work with the results presented in this article, we propose a model in which activation of the EGFR pathway causes transcription of phyl, which then promotes the trafficking of Dl, N intra and Wg into a degradation pathway.
To seek genetic evidence for this suppression of Notch and Wg signalling by EGFR, we expressed the activated but membrane-tethered version of Notch (UAS-N act ) (Doherty et al, 1996) , in cells behind the furrow under the control of sev-gal4. As reported previously, this combination activates Notch signalling in a ligand-independent manner and causes a loss of R1 and R6 (Tomlinson and Struhl, 2001 ) ( Figure 4G ).We combined sev-gal4 UAS-N act with sev-Ras
V12
in which the RTK signal is kept artificially high in sev-expressing cells. This results in a rescue in the specification of R1 and R6 cell fates ( Figure 4H ). To test if the phenotypes seen with EGFR can be phenocopied by Phyl, we combined sevgal4, UAS-N act with sev-phyl in which Phyl and N act are coexpressed. This too results in a significant rescue in the specification of R1 and R6 cell types ( Figure 4I ). Likewise, in the wing imaginal disc, ectopic activation of EGFR pathway in the pouch cells using omb-gal4, UAS-EGFR act causes a loss of Wg expression at the D/V boundary ( Figure 4K ). Once again, this phenotype can be phenocopied by overexpression of Phyl instead of EGFR act in the pouch cells ( Figure 4L ). Finally, EGFR ts mutant clones in the eye disc show increased level of Wg, which is localized in endocytic vesicles (Supplementary Figure S7) , a phenotype identical to that seen in phyl mutant clones. These results suggest that increased EGFR signalling through Phyl is required for promoting the degradation of N intra and Wg in developing imaginal discs.
In this article, we report a specific negative regulatory mechanism for the Notch and Wg pathways that functions at the level of endocytic vesicles. The adaptor protein, Phyllopod, allows a balanced level of activated components of Notch and Wg pathways to be made available after a round of signalling. As phyl is a transcriptional target of EGFR signalling, these observations suggest a negative cross talk between RTK and Notch /Wg pathways ( Figure 4M) .
Mutations of the endocytic machinery, such as the core ESCRT complex components vsp 25 and vsp 23, also cause accumulation of N intra in endosomes and upregulation of Wg signalling (Moberg et al, 2005; Thompson et al, 2005; Vaccari and Bilder, 2005) . However, in contrast to phyl, loss-offunction mutations in ESCRT complex components result in increased apoptosis and non-cell autonomous cell proliferation in the undifferentiated cells ahead of the MF. Phyl is not expressed in these cells nor does its inactivation in the 2nd instar eye disc show defects in the localization of Dl and Notch. The function of Phyl is restricted to specific developmental events that involve EGFR-mediated regulation of Notch and Wg pathways. ESCRT components function broadly and their loss causes multiple defects not seen in phyl mutants, such as defective membrane trafficking and loss of apicobasal polarity. Finally, activation of Notch signalling in ESCRT mutations is independent of ligand function (Thompson et al, 2005) , whereas the phenotypic consequences of phyl mutation are found to be dependent on signalling from a functional ligand ( Figure 2L ).
Our studies suggest that Phyl regulates the residence time of the components of Notch and Wg signalling pathways in early endocytic vesicles. It is important to point out that Phyl loss of function gives rise to a gain-of-function phenotype for Notch and Wg. Thus, trapping of these receptors in endocytic vesicles increases, rather than attenuates, the signal. This post-transcriptional downregulation of Notch and Wg signalling by Phyl allows fine-tuning of the signal and creates a delicate balance between active signalling of Notch/Wg pathways and their degradation by the lysosomal pathway. This balance provides a mechanism for the modulation of the strength of signals during development. Phyl is a novel adaptor protein whose cytoplasmic partners remain to be identified in future biochemical analysis. However, this genetic loss-of-function study allows us to identify specific endosomal components that exclusively include Notch and Wg signalling components that are regulated by Phyl. As EGFR, Notch and Wg pathways function together in several developmental scenarios, this mechanism provides an effective means for the coordinated temporal and spatial regulation of development by the combined actions of these pathways.
Materials and methods

Drosophila stocks phyl
2245 , mib 1 , UAS-Dl, sev-Gal4 were obtained from the Bloomington stock centre. Ubx-Flp (on X) was obtained from H Bellen (JafarNejad et al, 2005) . UAS-N act was obtained from YN Jan (Doherty et al, 1996) . UAS-Ras V12 was obtained from GM Rubin (Karim and Rubin, 1998) .
Immunohistochemistry
Larval or pupal eye discs were dissected in PBS and fixed in 4% formaldehyde in PBS for 40 min. The fixed tissue was permeabilized in PBST (0.4% Triton X-100) and incubated in primary antibody anti-Delta, 1/100 (Parks et al, 1995) , anti-Bar 1/50 (Hayashi et al, 1998) , anti-Cut 1/20 (Chang et al, 1995) , anti-Dlg 1/20 (Woods et al, 1997) , anti-b-Gal 1/50 mouse (Promega), 1/200 rabbit (Capel), anti-HRS 1/500 (Lloyd et al, 2002) , anti-N intra 1/20 (Vaccari and Bilder, 2005) , anti-N extra 1/20 (Vaccari and Bilder, 2005) , anti-Ubi 1/100 mouse (Jekely and Rorth, 2003) (Affiniti), anti-Ubi 1/200 rabbit (Moberg et al, 2005 ) (Dako Cytomation), anti-Wg mouse 1/30 (Neumann and Cohen, 1997) , anti-Avl chicken 1/200 (Vaccari and Bilder, 2005) , anti-Hook, rabbit 1/100 (Kramer and Phistry, 1996) , anti-Dor G.pig 1/100 (Sevrioukov et al, 1999) , anti-Rabll rabbit 1/ 200 (Satoh et al, 2005) , anti-Sens 1/500 G.Pig (Nolo et al, 2000) , anti-DFrz Rat 1/100 (Ataman et al, 2008) 
Lysotracker staining
Lysotracker staining was performed on unfixed tissue. Eye discs were dissected in Schneider's medium at room temperature and stained for Lysotracker red 99 (Invitrogen) at a dilution of 1/1000 for 5 min. The discs were washed twice in PBS and mounted in Vectashield and images were captured using Bio-Rad confocal microscope.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
